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Lead zirconate titanate (PZT) is a promising ferroelectric material, which has 
great potential for sensor, actuator and microelectronics applications. In this thesis, I 
fabricated PZT thin films by the pulsed laser deposition (PLD) method and 
systematically characterized their structure, morphology and properties. Epitaxial PZT 
thin films were obtained by optimizing the PLD processing parameters. These 
epitaxial PZT thin films exhibited excellent electrical and electromechanical 
properties.  
The crystal structure of the thin films was characterized by X-ray diffraction 
(XRD) θ-2θ scan, ω-scan and φ -scan. PZT films deposited on 
La2/3Sr1/3MnO3/LaAlO3 (100) (LSMO/LAO) substrates showed a c-axis orientation. 
The morphology was characterized by scanning electron microscopy (SEM). SEM 
images showed that the surfaces of the PZT thin films were quite smooth without 
large particulates.  
The epitaxial PZT thin films exhibited excellent ferroelectric properties with a 
very high remnant polarization (45 µC/cm2). The dielectric constant of the PZT thin 
film was around 700 and piezoelectric coefficient d33 was 110 pC/N. These properties 
were substantially better than those of the polycrystalline PZT thin films with random 
crystallographic orientation. Epitaxial growth of PZT thin film is very useful to 
achieve superior ferroelectric and piezoelectric properties. We also studied the 
 v
ferroelectric fatigue behavior of our epitaxial PZT thin films. The PZT thin film with 
a thickness of 1300 nm showed fatigue-free characteristics, while the film of 700 nm 
showed a frequency-dependent fatigue behavior. Fatigue was liable to happen at low 
frequencies. This phenomenon was analyzed with a domain wall pinning mechanism. 
PZT patterning is an essential step for device applications. Ion beam etching 
(IBE) technique was used to etch the PZT thin films. Our obtained etch rate of the 
PZT thin films was around 4 nm/min. Thick photoresist layer was required as the 
mask layer for etching PZT thin films.  
These achievements in processing the epitaxial PZT thin films with good 
properties are very promising for further exploring their device application value. 
 vi
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Chapter 1 Introduction 
CHAPTER 1 
INTRODUCTION 
Ferroelectric materials have attracted worldwide attention due to their unique 
physical properties and great potential for new device applications. Lead zirconate 
titanate PbZr1-xTixO3 (PZT) thin film is one of the promising ferroelectric materials 
that exhibit high remnant polarization (Pr), low coercive field (Ec), high dielectric 
constant (εr) and high piezoelectric coefficient (d33). La1-xSrxMnO3 (LSMO) is a 
conductive oxide. It has been widely studied due to its colossal magnetoresistance 
(CMR) behavior. Since LSMO has a similar perovskite structure to that of PZT, it can 
be used as an ideal bottom electrode for PZT thin films. In this chapter, I will describe 
the background of ferroelectrics, PZT structure and deposition, and electrode 
materials used in our experiments.  
1.1 Ferroelectrics 
Ferroelectric effect is an electrical phenomenon observed in certain ionic crystals 
that exhibit a spontaneous dipole moment. Ferroelectric crystals possess regions with 
uniform polarization called ferroelectric domains. Within a domain, all the electric 
dipoles are aligned in the same direction. There can be many domains in a crystal 
separated by interfaces called domain walls. A ferroelectric single crystal has multiple 
ferroelectric domains. A single domain can be obtained by domain wall motion made 
possible by the application of an appropriate electric field. A very strong field could 
lead to the reversal of the polarization in a domain, called domain switching.  
1 
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Figure 1-1 A typical ferroelectric hysteresis loop 
A typical ferroelectric hysteresis loop is shown in Figure 1-1. As the electric 
field strength is increased to a coercive field Ec, the domains start to align in the 
positive direction giving rise to a rapid increase in the polarization. At very high field 
levels, the polarization reaches a saturation value. The polarization does not fall to 
zero when the external field is removed. At zero external field, some of the domains 
remain aligned in the positive direction, hence the crystal will show a remnant 
polarization Pr. The crystal cannot be completely depolarized until a field of certain 
magnitude is applied in the negative direction. The external field needed to reduce the 
polarization to zero is called the coercive negative value -Ec. The direction of 
polarization flips and hence a hysteresis loop (P-E loop) is obtained.  
There are two main types of ferroelectrics: displacive and order-disorder. The 
effect in barium titanate, a typical ferroelectric of the displacive type, is due to a 
polarization catastrophe, in which, if an ion is displaced from equilibrium slightly, the 
2 
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force from the local electric fields due to the ions in the crystal increases faster than 
the elastic restoring forces. This leads to an asymmetrical shift in the equilibrium ion 
positions and hence to a permanent dipole moment. In an order-disorder ferroelectric, 
there is a dipole moment in each unit cell, but at high temperatures they are pointing 
in random directions. Upon lowering the temperature and going through the phase 
transition, the dipoles are ordered, all pointing in the same direction within a domain.  
Ferroelectric materials can be used in non-volatile memories. For example, if we 
set a preferred polarization state as logic state “0”, by applying an external eletric 
field, we can write the logic state to “1” by changing polarization. Then a reading 
pulse can retreive the logic state of the ferroelectric capacitor. There are many 
reliability problems to solve for the commercial applications, such as fatgiue and 
imprint. Details will be discussed in later chapters. 
1.2 Lead zirconate titanate (PZT) 
PZT is a ferroelectric material with a composition of PbZr1-xTixO3. It was first 
studied five decades ago [1] and the main structural characteristics of the system were 
investigated at that time. At a high temperature (over Curie temperature) PZT is cubic 
with perovskite structure. When lowering the temperature the material becomes 
ferroelectric, with the symmetry of the ferroelectric phase being tetragonal for Ti-rich 
compositions and rhombohedral for Zr-rich compositions. The boundary between the 
tetragonal and the rhombohedral phases, at compositions close to x= 0.47, is called 
morphotropic phase boundary (MPB) [2]. This MPB is almost independent of 
3 
Chapter 1 Introduction 
temperature. It has been experimentally observed that the maximum values of 
dielectric constant, as well as piezoelectric coefficient (d33) of PZT at room 
temperature occur at this phase boundary.  
 
Figure 1-2 Preliminary modification of the PZT phase diagram after Noheda et al. [3]. 
The open symbols represent the PZT phase diagram after Jaffe et al. [2]. The FT-FM 
and PC-FT transition temperatures for x=0.48 and x=0.50 are marked with solid 
symbols. 
Figure 1-2 is a phase diagram of PZT. There is a rhombohedral ↔ tetragonal 
phase transition when changing composition. This diagram was first proposed by 
Jeffe et al. [2] and later modified by Noheda et al. [3]. We chose x=0.48 for Ti 
concentration, i.e., around the MPB, for our experiments.  
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1.3 Deposition of PZT thin film 
The phrase “thin film” refers to a thin layer of a substance deposited on a 
substrate. Thin film technology became a major research area in recent years, 
focusing on the coatings and synthesis of new materials. There are many thin film 
deposition processes and technologies, such as chemical vapor deposition (CVD), 
chemical solution deposition (CSD), evaporation, sputtering, and pulsed laser 
deposition (PLD). The deposition technology PLD used in this study will be discussed 
in detail in Chapter 2.  
The term epitaxial comes from the Greek word meaning “arranged upon” [4]. 
Epitaxial growth occurs in such way that the crystallographic structure of the substrate 
is reproduced in the growing material. So are the crystalline defects of the substrate. 
Thus, epitaxial film deposited on a (100)-oriented wafer will usually take a 
(100)-orientation. In polycrystalline materials, long-range order exists only within 
limited volume of grains. Grains are randomly connected to form a solid. The size of 
grains varies depending on types of material and processing methods. So a 
polycrystalline film does not show preferred orientation. 
1.4 Electrode materials for ferroelectric thin films 
Our purpose is to study the ferroelectric and piezoelectric properties of PZT 
thin films. Therefore, electrode property is an important consideration. LSMO was 
chosen as the electrode material in the present study because both LSMO and PZT 
5 
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have a perovskite structure, with a quite small lattice mismatch (less than 5%). LSMO 
is a metallic oxide and its resistivity is comparable to other conductive oxides such as 
YBCO. Also the LSMO has been extensively investigated in our lab. The 





Figure 1-3 Crystal structure of La1−xSrxMnO3.  
La1-xSrxMnO3 (LSMO) is a colossal magnetoresistance (CMR) manganite with a 
perovskite structure. The oxides are ferromagnetic around a certain value of x and 
become metallic at temperatures below the Curie temperature (TC). The metallic 
conductivity and ferromagnetism in LSMO manganites can be explained in terms of a 





4+ (d3, , S = 3/2) ions through oxygen ions [5].  2gt
Figure 1-3 shows the LSMO three-dimensional perovskite structure. The 
lanthanum ions (La3+) or the strontium ions (Sr2+) generate a cubic lattice. The face 
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center of this cubic lattice is occupied by oxygen ions (O2−) forming octahedra. The 
manganese ions (Mn3+ or Mn4+) lie in the body center. The existence of degenerate 
electronic orbitals in a structure of high symmetry leads to a distortion of the lattice 
[6]. 
 
Figure 1-4 Phase diagram of La1-xSrxMnO3 after Y. Tokura and Y. Tomioka [7]. The PI, 
PM and CI denote the paramagnetic insulating, paramagnetic metallic and spin-canted 
insulating states, respectively. The FI, FM, and AFM denote the ferromagnetic 
insulating, ferromagnetic metallic, and antiferromagnetic (A-type) metallic states, 
respectively. 
Figure 1-4 is the phase diagram of LSMO. Since LSMO is used as the electrode, 
we chose La2/3Sr1/3MnO3 composition because it is ferromagnetic metallic at room 
temperature. The transport behavior of LSMO will be discussed in Chapter 3. 
7 
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CHAPTER 2 
SAMPLE PREPARATION AND CHARACTERIZATION 
In the last chapter, we discussed the structure of lead zirconate titanate (PZT) and 
La1-xSrxMnO3 (LSMO). In this chapter, we focus on the sample preparation and the 
general characterization techniques used in our experiments. Other more specific 
techniques such as ferroelectric fatigue measurement will be discussed in Chapters 5. 
2.1 Sample preparation 
2.1.1 Sol-Gel method 
Sol-gel process is a chemical solution process for making ceramic and glass 
materials.  In general, sol-gel process involves the transition of a system from a liquid 
"Sol" (mostly colloidal) to a solid "Gel" phase.  With sol-gel process, it is possible to 
fabricate ceramic or glass materials in various forms: ultra-fine powders, thin film 
coatings, ceramic fibers, microporous inorganic membranes, monolithic ceramics and 
glasses, and extremely porous aerogel materials.   
Our LSMO target was prepared using a modified sol-gel technology (made by 
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2.1.2 PLD method 
Pulsed laser deposition (PLD) is a physical vapor deposition technique that 
emerged in the 1960s. Since the discovery of high-temperature superconductivity 
(HTS) in 1986, PLD has been widely used to deposit HTS thin films. The first 
successful deposition of YBCO film was made in 1987 [8]. PLD has also been used to 
fabricate a wide range of other thin film materials, including insulators, 











llustration of PLD system. 
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A schematic illustration of PLD system is shown in Figure 2-1. In the vacuum 
chamber, a bulk target is mounted on a target carrousel. The chamber is either in 
vacuum or in the presence of some background gas. In the case of oxide film 
deposition, oxygen is the most common background gas. The target can be rotated at 
around 2-3 rpm. Polished substrate is attached to the heater using silver paste. The 
laser beam is focused by a lens (not shown) and hits a target of the desired material at 
~45° angle. As a result, a supersonic jet of particles (plume) is ejected normal to the 
target surface. The plume, similar to the rocket exhaust, expands away from the target 
with a strong forward-directed velocity distribution of the different particles. The 
ablated species condense on the substrate placed opposite to the target.  
PLD process has numerous advantages. For example, it is able to coat a large 
variety of materials and mixtures, and able to preserve the stoichiometric ratio of the 
target material. Films deposited via PLD usually have good adhesion onto substrate. 
PLD depositions can be conducted even at room temperature. The disadvantage of 
PLD technique compared to other thin film deposition methods is the narrow angular 
distribution of the evaporated species in the plume, which makes it difficult to 
fabricate large area films. However, the deposition area can be increased by scanning 
the laser spot across the target or the plume across the substrate, by moving the 
substrate relative to the plume, or by increasing the target-substrate distance. Another 
disadvantage is splashing, which may cause micron-size particulates on thin film 
surface.  
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We used a pulsed laser system (Lambda Phsyik excimer KrF) in our experiment. 
This system can generate 248 nm laser with a 30 ns pulse. Repetition rate is in the 
range of 1 to 20 Hz. The vacuum chamber we used was a homemade system with 
water cooling. We used (100) oriented single crystal LaAlO3 (LAO) substrate. LAO 
has a distorted-pervskite structure with lattice parameters of a = b = c = 0.3788 nm 
and α = β = γ = 90.066°. We deposited LSMO and PZT thin film on 5×10 mm2 
substrate. Our films are indexed as a pseudo-cubic crystal structure.  
2.2 Characterization techniques 
2.2.1 X-Ray Diffraction (XRD) 
XRD is a method to characterize crystal structures of powders, bulk materials 
and thin films. The x-ray with wave length λ is incident on a sample and is diffracted 
according to the Bragg’s Law: 
2d sinθ=nλ                   (2-1) 
where the variable d is the distance between atomic layers in a crystal (Figure 2-2), θ 
is the angle of incidence, and n is an integer. XRD system scans a range of angles and 
records the corresponding intensity of the diffracted x-rays. 
11 
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Figure 2-2 Illustration of the Bragg’s law 
XRD measurements of our thin film samples in this thesis include:  
(1) Precise measurement of lattice parameter from θ-2θ pattern, which provide 
information about lattice mismatch between the film and the substrate and therefore is 
indicative of strain and stress. 
(2) Rocking curve (ω-scan) measurements, a θ scan at a fixed 2θ angle. The 
width of the curve is proportional to the dislocation density in the film and is therefore 
used as a gauge of the quality of the film. 
(3) In-plane alignment between film and substrate is determined byφ -scan. The 
width of these reflections shows the spread in in-plane orientation among different 
grains, like rocking curves for the film plane normal.  
The θ-2θ and ω-scan measurements were conducted using XRD system (Philips 
PW1710 diffractometer). φ -scan was carried out using another XRD system (Bruker 
D8-GADDS). Both systems used a Cu Kα radiation source (λ=1.54056 Å). Philips 
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X’Pert analytical software was used for graphics and peak identification. For both 
LSMO and PZT samples, scan range was 20-55°, which covers (100) and (200) peaks.  
2.2.2 Atomic Force Microscopy (AFM) 
The atomic force microscope (AFM) was invented in 1986 by Binnig, Quate and 
Gerber [9]. AFM utilizes a sharp probe moving over the surface of a sample in a 
raster scan. The probe in AFM is a tip on the end of a cantilever which bends in 
response to the force between the tip and the sample. Figure 2-3 illustrates how AFM 
works. As the cantilever flexes, the light from the laser is reflected onto the split 
photo-diode. By measuring the signal difference, changes in the bending of the 
cantilever can be measured.  
Position sensitive 
detector 
Cantilever Sample surface 
 
Figure 2-3 Illustration of how AFM work 
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Unlike the traditional microscopes, AFM systems do not use lenses, so the size 
of the probe rather than diffraction effect generally limits their resolution.  
We used an AFM system (Digital Dimension 5000) in our experiment. The 
largest sample area was 90×90 µm, and z-direction scaled up to 6 µm. This instrument 
is capable for two imaging modes. Contact mode is a more common method of 
operation of AFM. As the name suggests, the tip and sample remain in close contact 
as the scanning proceeds. Tapping mode is another mode used in AFM. The 
cantilever is oscillated at its resonant frequency (usually hundreds of kilohertz) and 
positioned above the surface, so that it only taps the surface for a very small fraction 
of its oscillation period. It still contacts with the sample in the sense defined earlier, 
but the very short time over which this contact occurs means that lateral forces are 
dramatically reduced as the tip scans over the surface. For our samples, tapping mode 
is better than contact mode for imaging. We used AFM to measure the etch depth and 
surface roughness of etched and un-etched PZT samples.  
2.2.3 Scanning Electron Microscopy (SEM) 
The first scanning electron microscope (SEM) debuted in 1942. The first 
commercial instrument appeared around 1965. Its late development was due to the 
electronics involved in "scanning" the beam of electrons across the sample. SEM is 
one of the most versatile and widely used tools of modern science as it allows the 
study of both morphology and composition of biological and physical materials.  
14 
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An electron gunT on the top of SEM produces a stream of monochromatic 
electrons. The stream is then condensed by several condenser lenses to form a beam. 
The final lens, the objective, focuses the scanning beam onto the part of the specimen 
desired. When the beam strikes the sample, interactions occur inside the sample, 
which can be detected with various instruments. Before the beam moves to its next 
dwell point these instruments count the number of interactions and display a pixel on 
a cathode ray tube (CRT) whose intensity is determined by this number (the more 
reactions the brighter the pixel). This process is repeated until the grid scan is finished 
and then repeated again and again. The entire pattern can be scanned 30 times per 
second.  
A field emission scanning electron microscope (FESEM) (JEOL JSM-6700F) 
was used in this study. This SEM system has a resolution of 1 nm at 15 kV. The 
magnification is in the range of 25 to 650,000 times. As SEM requires conductive 
samples, we need to coat PZT samples with a layer of Pt by sputtering machine.  
2.2.4 Ferroelectric Testing 
Ferroelectric testing includes ferroelectric hysteresis loop and ferroelectric 
fatigue characterization. Ferroelectric test was conducted using ferroelectric test 
system (RT6000S Ferroelectric Test System Radiant Technologies). This system is 
capable of P-E loop measurement and fatigue testing. For P-E loop measurement, a 
triangular signal is used. The maximum drive voltage is -20.00, +19.99 volt, and 
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maximum points are 500. In hysteresis measurements, we used maximum drive 
voltage for the thickest sample, and keep the same electric field for other samples.  
Fatigue is the loss in switchable polarization at a fixed voltage drive as a function 
of the continuous switching of a ferroelectric capacitor in alternating polarity. This 
system measures the effects of repeated voltage pulses on a ferroelectric capacitor. 
We used bipolar waveform with a minimum pulse width of 1 µs to fatigue the sample. 
The system performed a pulse response measurement after each fatigue period. As the 
fatigue period can be very long (up to 68 years maximum for this system), the system 
will save all the fatigue data to disk after each fatigue period to prevent loss of data 
during a test. The detailed fatigue properties will be discussed in Chapter 5. 
2.2.5 Dielectric Testing 
A dielectric material is a poor conductor of electricity, but an efficient supporter 
of electrostatic fields. If the flow of current between opposite electric charge poles is 
kept to a minimum while the electrostatic lines of flux are not impeded or interrupted, 
an electrostatic field can store energy. This property is useful in capacitors. The 
electric properties of dielectrics are usually described in terms of dielectric constant. 
Dielectric constant (also called permittivity) is a measure of the ratio of electric 
displacement to electric field intensity:  
0εdKC =
A                  (2-2) 
where C is the capacitance, K is relative dielectric constant, A is the area of the 
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capacitor, d is the thickness, and ε0=8.85×10-12  C2/Nm2 is the permittivity of free 
space.  
In our experiment, we used an impedance analyzer (HP4194A 
IMPEDANCE/GAIN-PHASE ANALYZER) for dielectric constant and dielectric loss 
measurement. This instrument features eleven impedance and four gain-phase 
measurement  functions and covers a frequency range from 100 Hz to 40 MHz  for  
impedance,  and from  10 Hz  to  100 MHz  for  gain-phase. 
Our PZT capacitors were measured over 100 Hz to 1 MHz. Figure 2-4 shows an 
example of the results measured by this equipment. Then we calculated the dielectric 
constant with Equation 2-2. 

































Figure 2-4 Capacitance and dielectric loss vs. frequency 
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2.2.6 Piezoelectric testing 
Piezoelectric effect is a phenomenon resulting from a coupling between the 
electric and mechanical properties of a material. When mechanical stress is applied to 
a piezoelectric material, an electric potential will be produced. Likewise, when an 
electric potential is applied to the material a mechanical change will occur. 
Piezoelectric materials thus have numerous applications as electro-mechanical 
transducers - devices which can convert electrical signals into mechanical motion and 
vice-versa. Commercial applications of piezoelectric devices abound for instance in 
speakers, spark generators inside electronic igniters, strain sensors, pressure gauges 
and oscillators as precise time-keepers in electronic clocks, etc. 
The piezoelectric coefficient (d33) was measured by a Laser Scanning 
Vibrometer (LSV). LSV includes a laser scanning head (OFV-056), a scanning 
vibrometer controller (OFV-3001-SF6), a communication junction box (Poly Tech 
GmbH) and a host computer. The vibration velocity and displacement were measured 
based on the Doppler shift. As laser scanning on the thin film surface, the phase shift 
of each point was detected by a photo detector. The signals were then transmitted to a 
computer for data processing. The scanning area covered both the top electrodes and 
the surrounding films. LSV have several significant advantages for piezoelectric 
coefficient measurement, such as high reliability, high efficiency and comprehensive 
information [10]. 
18 
Chapter 3 Polycrystalline PZT films with random orientation 
CHAPTER 3 
POLYCRYSTALLINE PZT FILMS WITH RANDOM 
ORIENTATION 
In this chapter, we will discuss the fabrication of PZT thin films with pulsed laser 
deposition (PLD) method. LSMO was used as bottom electrode. We studied the 
crystal structure and the conductivity of the LSMO film. PZT films were subsequently 
deposited on the LSMO. Results show that LSMO has a good transport behavior and 
is suitable as bottom electrode. We present the results on polycrystalline PZT films 
with random orientation in this chapter. The crystal structure, morphology, and 
electrical properties of the PZT thin films were investigated. Results show that the 
PZT thin films grown at low deposition temperature exhibit better quality. 
3.1 Background 
The relationship between fabrication and properties of LSMO thin film has been 
intensively studied in our lab. Our lab has experiences to grow high quality epitaxial 
LSMO thin film. But growing PZT thin film on LSMO is still a challenging issue. For 
PLD process, different materials have different processing conditions. Many 
parameters are involved, such as laser energy, repetition rate, substrate temperature, 
oxygen pressure and substrate-target distance. In order to find the optimal deposition 
parameters for PZT thin film, we changed parameters and tested the film properties. 
Laser energy and oxygen pressure significantly affect the plume. Normally higher 
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laser energy and higher oxygen flow rate enlarge the plume. These two parameters, as 
well as substrate-target distance, need to be adjusted in order to obtain high quality 
films. Repetition rate determines the deposition rate because each laser pulse deposits 
a layer of materials. We fixed the repetition rate according to the previous experience 
in the lab. Substrate temperature is another important parameter. For PLD process, the 
substrate temperature significantly affects the crystal structure of films deposited.  
In the literature, various substrates (Pt, LNO, LAO, BRO, LSMO, and YBCO) 
have been studied [11-16]. PZT thin films are typically deposited at oxygen pressure 
of 0.1-0.4 mbar and substrate temperature of 400-700 °C, followed by post annealing 
at 620-700 °C in oxygen ambient of 0.5-1 atm. Table 3-1 lists the fabrication 
parameters for PZT/LSMO structure. We can see that typical PZT deposition 
temperature is lower than that of the LSMO. This is mainly due to the evaporation of 
PbO. 
 
Table 3-1 Parameters of growing PZT/LSMO by PLD in the literature. 
Deposition LSMO/ PZT Post annealing 
 substrate Temperature 
(°C) 
O2 (mTorr) Repetition(Hz) Temperature (°C) O2 (Torr) 
LSMO/ PZT 
thickness 
[17] LAO 620/ 620 200/ 200 10 620 °C 0.2 Torr 100 nm/ 500 nm 




680/ 540 20/ 40 1-7 N/A N/A N/A 
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The evaporation of PbO during deposition is a problem in the growth of PZT thin 
films by pulsed laser deposition. The loss of Pb affects the ferroelectric properties of 
PZT thin film dramatically. Works in the literature show that the loss of Pb depends 
on deposition temperature, repetition rates and post-anneal procedures [13]. But how 
the deposition temperature affects the morphology, crystalline phase and electrical 
properties of deposited films is not clear.  
3.2 Sample preparation 
A PZT/LSMO/LAO multilayer film structure is shown in Figure 3-1(a). First the 
La2/3Sr1/3MnO3 (LSMO) was deposited on LaAlO3 (LAO) single crystal substrate at 
680 °C with oxygen pressure of 0.5 mbar for 30 mins and in-situ annealed at 620 °C 
for 1 hour at oxygen atmosphere. Au electrodes were deposited by sputtering on some 
of LSMO films for four point probe testing. The PZT films were deposited on LSMO 
with oxygen pressure of 0.2 mbar for 1 hour. The deposition temperature is in the 
range of 380 to 550 °C. After deposition, the PZT/LSMO/LAO heterostructure was 
in-situ annealed for 1 hour at 620 °C under oxygen atmosphere.  
 
Figure 3-1 Au/PZT/LSMO/LAO multilayer structure (a) before PZT etching, and (b) 






PZT  Au 
(a) (b) 
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After deposition, part of the PZT thin film was etched to expose the LSMO 
bottom electrode. For electrical property measurement, Au top electrodes with a 
diameter of 0.2 mm were deposited on the PZT film by sputtering with a mask. The 
structure of the Au/PZT/LSMO capacitor is shown in Figure 3-1(b). 
3.3 Experimental results 
3.3.1 Structure and morphology 
Figure 3-2 shows the XRD θ-2θ scan of the LSMO/LAO structure. The LSMO 
films were not fully c-axis oriented. Small (110) peak was observed. The d-spacing 
for plane (100) of the LSMO from the XRD pattern is estimated to be 0.384 nm. We 
also investigated the rocking-curve (ω-scan) of LSMO (200) peak. Results are shown 
in Figure 3-3. The full width at half maximum (FWHM) of the peak is 0.666°, which 
is comparable to the FWHM reported in the literature [17]. However, the orientation 
characteristic of the LSMO layer is affected by many parameters. We will optimize 
these parameters in Chapter 4. 
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Figure 3-2 XRD pattern of LSMO/LAO thin film. 
 








Figure 3-3 Rocking curve of LSMO (200) peak. 
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Figure 3-4 XRD patterns of PZT/LSMO/LAO heterostructures, with PZT deposited at 
different temperatures: (a) 380 °C, (b) 480 °C, and (c) 550 °C. 
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Figure 3-4 shows the θ-2θ scan profiles of the PZT/LSMO/LAO 
heterostructures, with the PZT films being deposited at different temperatures. The 
PZT films deposited at higher temperatures showed (100) orientation. The LSMO 
(110) peaks appeared in these films, thus influencing the PZT film orientation. The 
intensity of the (110) peak was very sensitive to the deposition process. In order to 
deposit c-axis oriented PZT thin film, LSMO orientation must be well controlled. As 
the LSMO and PZT layers were in-situ grown by changing target, it was not easy to 
check the orientation of the LSMO before the deposition of PZT film. We need more 
accurate control of the processing parameters to achieve desired quality of PZT films.  
 
 
Figure 3-5 SEM image of the surface of a LSMO film  
(680 °C, 5×10-1 mbar, 30 mins). 
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Figure 3-6 Cross-sectional SEM images of the PZT thin films deposited at different 
temperatures: (a) 380 °C, (b) 480 °C, and (c) 550 °C. 
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Figure 3-7 Surface SEM images of the PZT films deposited at different temperatures: 
(a) 380 °C, (b) 480 °C, and (c) 550 °C. 
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Figure 3-5 presents the SEM image of the LSMO thin film deposited at 680 °C 
and 5×10-1 mbar oxygen pressure for 30 mins. The film is very smooth, no big 
particulates can be observed. The LSMO films with smooth surface were then used as 
substrate for the PZT films deposition.  
The SEM images of the cross-section and surface of the PZT thin films deposited 
at different temperatures are presented in Figure 3-6 and Figure 3-7. From the 
surface morphology, we can see that the PZT films deposited at lower temperature are 
more compact. The gap between grain boundaries becomes larger at higher deposition 
temperature. These gaps may be caused by the evaporation of PbO. The film thickness 
is also related to the deposition temperature as shown in the cross-sectional SEM 
images. The film thickness decreases with increasing deposition temperature, which 
can be readily attributed to the evaporation of PbO. The dependence of the film 
thickness on the deposition temperature is in a good agreement with that of the 
surface morphology. These results are consistent with those in the literature [13]. 
3.3.2 Properties 
We tested the transport behavior of the LSMO thin films deposited on the LAO 
substrate. The temperature dependence of the resistance was measured. Figure 3-8 
shows a resistance versus temperature curve of the LSMO thin films. We used liquid 
nitrogen to cool the sample to around 80 K, and then increased temperature to room 
temperature (300 K). The R-T curve shows that the LSMO thin film demonstrates a 
metallic transport behavior. The conductivity of electrode material is very important 
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for capacitor because it affects operation speed [16].  


















Figure 3-8 R-T curve of LSMO thin film. 
At room temperature, the resistivity of LSMO film is lower than 0.1 mΩ·m which is 
comparable to other oxide electrodes such as YBCO. Therefore, the LSMO film can 
be used as a bottom electrode at room temperature.  
The ferroelectric hysteresis loop (P-E curve) of the PZT thin films was 
investigated. Figure 3-9 shows the hysteresis loop of the Au/PZT/LSMO capacitors, 
with PZT films be deposited at different temperatures. The thin film deposited at 380 
°C exhibits the best ferroelectric hysteresis loop. Remnant polarization is 28 µC/cm2. 
The film deposited at 550 °C failed to exhibit hysteresis loop at voltage higher than 5 
V due to high leakage current. The measurement of the film deposited at 480 °C also 
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failed due to the same reason.  

















Figure 3-9 Hysteresis loops of the Au/PZT/LSMO heterostructure at room 
temperature, with the PZT film deposited at different temperatures: (a) 380 °C, and (b) 
550 °C 
3.4 Discussion 
The film thickness and electrical properties are significantly dependent on the 
deposition temperature. Film thickness depends on the rate of deposition. The rate of 
deposition is affected by the evaporation of Pb/PbO [13]. The evaporation rate of 
Pb/PbO increases with temperature. As a result, the deposition rate decreases with 
temperature. So the film thickness decreased with increasing deposition temperature.  
The evaporation of Pb/PbO during the film deposition also produces pores in the 
films, which makes films incompact. The porous structure may cause short circuits 
between electrodes. Therefore, the PZT films deposited at high temperatures are not 
suitable for applications. Low deposition temperature helps reduce the evaporation of 
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Pb/PbO and provides better surface morphology, dense microstructure and thus good 
electrical properties.  
3.5 Summary 
Polycrystalline PZT thin films were deposited on LSMO/LAO substrate by PLD 
method. Crystal structure, morphology and electrical properties of the PZT films were 
strongly dependent on the deposition temperature. The film obtained at 380 °C, had 
better electrical properties than those obtained at 480 °C and 550 °C. The low 
deposition temperature reduces the loss of Pb/PbO, thus reducing the porosity of the 
films and increasing the film growth rate. However, the properties of these 
polycrystalline PZT films are not as good as the best reported in the literature. In 
order to get higher polarizations, we need to obtain epitaxial PZT films. This will be 
presented in Chapter 4. 
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CHAPTER 4 
EPITAXIAL PZT THIN FILMS 
In Chapter 3, we discussed polycrystalline PZT thin film with random 
orientation. In this chapter, we will discuss the fabrication and characterization of 
epitaxial PZT thin films with c-axis orientation. The PZT thin films were deposited on 
conductive epitaxial LSMO films on single crystal LAO substrates. Results show that 
these epitaxial PZT films possess excellent ferroelectric properties. 
4.1 Background 
It is well known that the properties of PZT thin films significantly depend on 
crystalgraphical orientation [19]. The P-E loops measured for PZT thin film with 
different orientation are shown in Figure 4-1.  
 
Figure 4-1 P-E hysteresis loops of PZT thin films with different orientations [23]. 
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PZT thin films with (100)-orientation provide higher polarization than (110) or 
(111) orientations. If we can control their orientation in (100) direction, the highest 
polarization can be obtained. This is why we want to epitaxially grow PZT film with 
(100) orientation. 
For epitaxial PZT growth, single-crystal oxide is popularly used as the substrate. 
In the literature, epitaxial PZT thin films are deposited at 540-620 °C in oxygen 
pressure of 0.1-0.4 mbar, followed by a post annealing at 400-620 °C with oxygen 
pressure of 0.5-1 atm for 20-60 minutes, depending on film thickness. (Table 3-1, 
Chapter 3) 
With PLD deposition technique, the PZT films reported in the literature are 
mostly thinner than 600 nm [12, 13, 15, 17, 20, 21]. In order to obtain improved 
piezoelectric properties, we deposited PZT films over 1 micron. Our PZT deposition 
temperature was lower than those reported in the literature. Capacitor with 
Au/PZT/LSMO structure was prepared. The crystal structure, morphology, 
ferroelectric and piezoelectric properties of the PZT thin films were investigated.  
4.2 Sample preparation 
PLD deposition process has been discussed in Chapter 3. First, La2/3Sr1/3MnO3 
(LSMO) films were deposited on LaAlO3 (LAO) single crystal substrate at 680 °C 
with oxygen pressure of 0.2 mbar for 30 mins and in-situ annealed at 620 °C for 1 
hour in oxygen atmosphere. Then, PZT films were deposited at 380 °C on the LSMO 
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with oxygen pressure of 0.2 mbar. In order to investigate the influence of film 
thickness on the properties, different deposition time from 45 mins to 100 mins were 
used. After deposition, the PZT/LSMO/LAO heterostructure was in-situ annealed at 
620 °C for 1 hour under oxygen atmosphere. For electrical property measurement, Au 
top electrodes with a diameter of 0.2 mm were sputtered on PZT through a mask. We 
found that the film orientation was very sensitive to the laser power and the distance 
between the target and substrate. So we decreased the laser power from 250 mJ to 220 
mJ and at the same time adjusted the target-substrate distance according to the plume 
length. 
4.3 Results 
4.3.1 Structure and morphology 
XRD θ-2θ scan, φ -scan and ω-scan were conducted to investigate the crystal 
structure, and orientation of the epitaxial thin films. Figure 4-2 shows the XRD 
profile of LSMO/LAO structure. Only (00l) (l=1, 2...) reflections are observed. This 
means that the LSMO films are fully c-axis oriented.  
Figure 4-3 shows the XRD θ-2θ scan profiles of the PZT/LSMO/LAO 
heterostructures, with PZT films of different thickness: (a) 700 nm and (b) 1300 nm, 
designated as PZT-700 and PZT-1300, respectively. We can see that the PZT films are 
mainly (100) oriented. The small peaks around 31° correspond to the plane of PZT 
(110). With increasing film thickness, the PZT (100) intensity increases. In order to 
34 
Chapter 4 Epitaxial PZT thin films 
confirm the in plane alignment, we conducted XRD φ -scan of the PZT films. Results 
are shown in Figure 4-4. As we can see, the PZT peaks observed are 90° apart. This is 
attributed to the fourfold symmetry of the crystal. The results indicate that the PZT 
films are epitaxially grown. 
Figure 4-5 shows the rocking-curve of PZT (200) peaks. Film PZT-700 has a full 
width at half magnitude (FWHM) of 3°, while film PZT-1300 is about 1.5°. The 
rocking-curve is a quality gauge of thin films (Chapter 2). The epitaxial quality of 
PZT-1300 is better than that of PZT-700. 





























Figure 4-2 XRD scan profile of the LSMO/LAO structure. 
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Figure 4-3 XRD scans of the PZT/LSMO/LAO heterostructures, with the PZT films 
of (a) 700 nm, and (b) 1300 nm. 
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Figure 4-4 XRD φ -scans of the PZT films with different thicknesses:  
(a) 700 nm, and (b) 1300 nm. 
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Figure 4-5 XRD rocking-curves of (200) peaks for the PZT thin films with different 
thicknesses: (a) 700 nm and (b) 1300 nm. 
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Figure 4-6 Cross-sectional SEM images of the PZT thin films with different 
thicknesses: (a) 700 nm, (b) 850 nm, and (c) 1300 nm. 
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Figure 4-7 SEM images of the PZT thin films with different thicknesses: (a) 700 nm, 
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Figures 4-6 shows the cross-sectional SEM images of the epitaxial PZT thin 
films. Film thickness was estimated from these images. The film deposited for 100 
mins is about 1300 nm, while the film deposited for 45 mins is about 700 nm. For 
comparison, an intermediate film with thickness of 850 nm was deposited for 60 mins. 
The deposition rate of PZT thin film is about 14 nm/min. 
SEM surface images of the PZT films are shown in Figure 4-7. The surfaces of 
the films are quite smooth, without large particulates observed.  
4.3.2 Properties 
(a) Ferroelectric property: 
Figure 4-8 shows the P-E hysteresis loops of the Au/PZT/LSMO capacitors. The 
remnant polarization (Pr) for PZT-700 is 28 µC/cm2, while for PZT-1300 the Pr is as 
high as 45 µC/cm2. As expected, this polarization is much higher than that of the 
polycrystalline films discussed in Chapter 3. We also observed the asymmetric 
characteristic of the P-E loop. The asymmetry is also called ferroelectric imprint. An 
asymmetric hysteresis loop is usually observed in ferroelectric capacitors with 
asymmetric electrode configuration. (1) The asymmetric coercive field: The hysteresis 
loop is positively biased. This voltage shift means that an internal bias field is built up 
in the PZT thin film and is directed toward the top electrode. The build-in voltages at 
different electrode-ferroelectric interfaces are different, thus a build-in bias is formed.  
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Figure 4-8 P-E loops of the PZT thin films with different thicknesses:  
(a) 700 nm and (b) 1300 nm. 
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Figure 4-9 Frequency dependence of dielectric constant and dielectric loss tangent for 
the Au/PZT/LSMO/LAO thin film capacitors: (a) 700 nm and (b) 1300 nm. 
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Figure 4-10 3D plots of maximum displacement of the Au/PZT/LSMO capacitors:  
(a) 700 nm and (b) 1300 nm. 
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(2) The asymmetric polarization: The negative polarization is larger than the positive 
value. This suggests that the film has a preferred polarization (imprint), and is more 
likely to pole in the negative direction. These asymmetric properties are not very well 
understood yet [22]. 
(b) Dielectric property: 
Dielectric curves of the PZT films are shown in Figure 4-9. The PZT-1300 has a 
dielectric constant of 670 and loss tangent of 0.04 at 1 kHz, and PZT-700 has a 
dielectric constant of 650 and loss tangent of 0.09 at 1 kHz. The dielectric constant of 
the PZT-700 decreases fast after 10 kHz. This phenomenon will be discussed in 
Chapter 5. 
(c) Piezoelectric property: 
Figure 4-10 shows the piezoelectric test results obtained by LSV (Chapter 2, 
2.2.6). An alternating current (AC) driving electric field was applied to stimulate the 
vibration. The central area moving upward is the Au-electrode covered area [10]. With 
the measured displacement, we can estimate the longitudinal piezoelectric coefficients 
(d33) according to Equation 4-1, assuming no in-plane constraint. 
amplitudesignalDriving
DilatationdtcoefficienricPiezoelect =)( 33     (4-1) 
The calculated d33 according to Equation 4-1 is 64 pC/N for PZT-700 and 110 
pC/N for PZT-1300, respectively.  
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4.4 Discussion 
Epitaxial PZT thin films showed much better properties than polycrystalline 
PZT thin films with random orientation. For the PZT composition near MPB, (100) 
orientation exhibits the highest polarization, as shown in Figure 4-1 [23]. With 
increasing film thickness, both ferroelectric and piezoelectric properties were 
improved. Since the increase in film thickness will reduce leakage current and reduce 
the influence of any depolarization at electrode-ferroelectric interfaces, polarization 
and piezoelectric properties will be improved. 
4.5 Summary 
In this chapter, we deposited and characterized epitaxial PZT thin films with 
(100) orientation. From the characterizations we can see that the epitaxial films have 
better ferroelectric properties than the randomly oriented films discussed in Chapter 
3. The ferroelectric and piezoelectric properties of the PZT thin film were found to 
increase with increasing thickness. Remnant polarization was increased from 28 
µC/cm2 to 45 µC/cm2, while piezoelectric coefficient d33 was increased from 64 pC/N 
to 110 pC/N as the film thickness was increased from 700 nm to 1300 nm.  
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CHAPTER 5  
FATIGUE BEHAVIOR OF PZT THIN FILMS 
We investigated the structure and properties of epitaxial PZT thin films in 
Chapter 4. The epitaxial PZT thin films showed very promising ferroelectric and 
piezoelectric properties. Considering of that fatigue is another important issue for 
device application, we studied the fatigue behavior of the PZT capacitors by varying 
frequency and magnitude of driving signal. In this chapter we will discuss our fatigue 
measurement and the fatigue mechanism.  
5.1 Background 
Continuous switching of ferroelectric thin films will reduce their polarization, 
which is called fatigue. In order to use ferroelectric thin films for devices, fatigue 
need to be eliminated. Fatigue has been intensively studied in recent years. Many 
experimental results have been reported, and quite a few mechanisms have been 
proposed to explain the experimental results in the literature. However the origin of 
this phenomenon is still not completely understood. 
5.1.1 Experimental results reported 
We analyzed the experimental results reported on PZT fatigue phenomena in the 
literature. The fatigue behaviors of different capacitor structures reported in the 
literature are summarized in Table 5-1. It is found that fatigue is very common. The 
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degradation of the switchable polarization occurs from 104 to 1011 switching cycles. 
Many methods have been reported to improve the ferroelectric fatigue behavior.  
Table 5-1 A summary of the ferroelectric fatigue phenomena in different films. 




[24] Pt/PZT/Pt/Ti/SiO2/Si 400 nm 104 Polycrystalline 
[25] Pt/PZT/Pt/Ti/SiO2/Si 200 nm 104 Polycrystalline 
[17] Pt/PZT/LSMO/LAO 500 nm 106 Epitaxial 
[19] Pt/PZT/Pt/TiOx/SiO2/Si N/A 106 Polycrystalline 
[26] Pt/PLZT/Pt 300 nm 104 Polycrystalline 
[26] SRO/PLZT/Pt 300 nm Free Polycrystalline 
[27] Pt/PTZT/LSMO/Pt 500 nm 1011 Polycrystalline 
[28] Pt/IrO2/PZT/Pt/IrO2 240 nm Free Polycrystalline 
[29] Pt/PZT/Pt/SiO2/Si 200 nm Free Polycrystalline 
Several general phenomena on ferroelectric fatigue can be summarized as below: 
(1) The frequency dependence is not clearified yet. Grossmann et al. [25] 
reported that fatigue behavior of Pt/PZT/Pt capacitors under investigation is 
independent of frequency. However, Ramesh et al. [30] found that, for 
Au/PZT/YBCO capacitors, the slower the switching, the higher the fatigue rate.  
(2) Electrode material affects the fatigue properties. Conventional PZT 
capacitors with Pt as top and bottom electrodes are prone to fatigue. The PZT films 
with all oxide electrodes are usually fatigue free [17]. Introducing oxide electrodes 
will improve the fatigue behavior of PZT films [19]. As shown in Table 5-1, many 
capacitors with top or bottom oxide electrodes are fatigue free to 1010 cycles. For the 
metal/ferroelectric/oxide capacitors, fatigue behavior is complicated [17, 27]. The 
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occurrence of fatigue is not predictable.  
(3) The fatigue rate increases with decreasing film thickness [24]. This 
phenomenon is observed for Pt/PZT/Pt capacitors.  
5.1.2 Models for ferroelectric fatigue 
One model assumes that the fatigue in ferroelectrics is caused by the pinning of 
domain walls by space charge or charged point defects near electrodes. This model 
can explain the grain size effect on fatigue properties, i.e., the fatigue property is 
improved in films with smaller grain size. This is because the film with small grain 
size will have a lower fraction of the grains touching electrodes [24]. Another report 
reveals that top electrode placed within the grains can improve the fatigue behavior 
significantly (big grains obtained by a particular method) [29]. Fatigue has also been 
attributed to the blocking of domain nucleation at the interface by entrapped charges 
that are injected from the electrodes into the film [25]. The Pb and O loss at the 
interface between electrodes and ferroelectrics will enhance the fatigue behavior. 
Recently, fatigue is often explained by the presence of a passive layer 
(nonferroelectric) at the interface between the film and electrodes [19, 25, 31, 32]. 
This mechanism can be described using Equation 5-1, regarding the relation between 
the applied field E and the field seen by the ferroelectric Ef, where L, d, εd, and P are 
the thickness of the film , the thickness of the passive layer, dielectric constant, and 
the polarization of the ferroelectric film.  
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f ε            (5-1) 
 
Figure 5-1 Relationship between the phenomena associated with polarization fatigue 
according to different fatigue models. [33] 
Tagantsev et al. used a diagram to show the current models and phenomena 
relationships of ferroelectric fatigue (Figure 5-1) [33]. It seems that there is more than 
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one mechanism governing the fatigue phenomena. Models in the diagram include: (1) 
the bulk pinning of domain walls, which results in the formation of a domain structure 
where the individual domains do not contain active centers of opposite domain 
nucleation; (2) inhibition of the seeds of opposite domain nucleation caused by the 
nearby-electrode injection; (3) formation of a passive surface layer that reduces the 
electric field seen by the ferroelectric film; (4) nearby-electrode screening of 
ferroelectric polarization with low-mobility free carriers; (5) an always-possible 
source of loss in switchable polarization during cycling to effectively reduce the 
electrode area due to electrode burning or delamination.  
5.2 Experimental procedure 
Au/PZT/LSMO capacitors were prepared by PLD technique as described in 
Chapter 4 with PZT film thickness of 700 nm and 1300 nm, which are designated as 
PZT-700 and PZT-1300 respectively. After top electrode was deposited by sputtering, 
we formed more than 40 Au/PZT/LSMO sandwich elements on one substrate. After 
the ferroelectric measuring, we chose some capacitors with good ferroelectric 
properties for the fatigue test. To make the results comparable, the P-E loops for these 
capacitors are similar. We used a bipolar signal to switch the samples. The wave form 
is shown in Figure 5-2. For each sample, we tested the fatigue properties under 1 kHz, 
10 kHz and 500 kHz, with magnitude of 10~18 V. The fatigue profile default settings 
are an approximate linear progression of log seconds (1 s, 3 s, 10 s, 30 s…). After 
measurement, results are converted into switching cycles using Equation 5-2: 
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switching cycles = fatigue time (seconds) × fatigue wave frequency     (5-2) 




Figure 5-2 Fatigue signal waveform: bipolar square wave. 
5.3 Results 
Figure 5-3 shows the fatigue characteristics of the epitaxial PZT thin films. We 
used a bipolar square wave with magnitudes of 10-18 V as the electric driving signal. 
By varying the switching frequencies from 500 kHz to 1 kHz, we observed some 
interesting phenomena. In most reports, the suppression of the polarization is 
independent of the frequency; only the number of switching cycles is decisive [34]. 
However, in our experiment, although the film PZT-1300 is fatigue free up to 1010 
cycles at high frequency, the polarization decrease of the film PZT-700 is dependent 
on the frequency of fatigue signal. At 1 kHz, the film PZT-700 started to fatigue after 
106 cycles. When we increased the frequency, fatigue behavior could not be observed, 
even after 1010 cycles. This phenomenon has been reported on Au/PZT/YBCO 
capacitors, in which the electrode structure is similar to our samples [30]. 
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Figure 5-3 Normalized switchable polarization vs. switching cycles at different 
frequencies. PZT film thickness is (a) 700 nm, and (b) 1300 nm. 
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 After 1010 cycles
 
Figure 5-4 P-E loops before and after 1010 fatigue test at 1 kHz. PZT film thickness is: 
(a) 700 nm and (b) 1300 nm. 
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Figure 5-5 Normalized polarization versus retention time for sample PZT-700. 
Electrode configuration affects the fatigue properties of ferroelectric thin films. 
All-oxide-electrode structure would not have fatigue effect [24]. So the 
frequency-dependence may be caused by the different electrode configuration. 
We also measured the P-E hysteresis loops before and after 1010 fatigue test, and 
the results are shown in Figure 5-4. Fatigue frequency was 1 kHz for both samples. 
For film PZT-700, suppression of polarization was observed. The Pr is suppressed 
from 28 µC/cm2 to 20 µC/cm2. However, this suppression could not be observed in 
film PZT-1300. The Pr remained unchanged after 1010 cycle fatigue test. As film 
PZT-1300 is thicker than film PZT-700, so we think increase in film thickness will 
improve the fatigue properties. 
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For different frequencies, the period for fatigue testing is also different. In order 
to confirm whether fatigue is caused by longer testing time, the polarization versus 
testing time is given in Figure 5-5. At 1 kHz, the fatigue testing time is up to 444444 
seconds (5.1 days) in order to obtain enough switching cycles. While at 500 kHz, the 
testing time is only 888.88 seconds for the same switching cycles. At same testing 
time, 104 s for example, the sample tested at 1 kHz fatigued faster than the other two 
higher frequencies. The frequency dependency of fatigue property can be explained 
by domain wall pinning mechanism. Domains in these films are pinned by defects, 
and these defects are mainly oxygen vacancies. The motions of these defects are 
sensitive to frequency. At lower frequency, the defects can move to the domain walls 
more easily. 































Figure 5-6 Fatigue at different driving field magnitudes for sample PZT-1300. 
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Figure 5-7 Dielectric constant and dielectric loss before (a) and after (b) fatigue. 
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Figure 5-6 shows the fatigue behavior of the film PZT-1300 under different 
driving magnitudes (10 V, 11.5 V, 13 V, 18 V) at 500 kHz. All the tests showed a 
fatigue-free behavior. The fatigue property of this film is independent of driving field 
magnitude.  
Another interesting phenomenon is the change of dielectric curves before and 
after fatigue testing for PZT-700, as shown in Figure 5-7. The dielectric constant 
decreases very fast around 10 kHz before fatigue. While after fatigue, the dielectric 
constant is quite stable until 100 kHz. The loss tangent after fatigue testing is also 
decreased. It seems there is a mechanism sensitive to the frequency. After continuous 
switching, the influence of this mechanism is reduced. 
5.4 Discussion 
  Our epitaxial PZT films with a thickness of 1300 nm and a structure of 
Au/PZT/LSMO are fatigue free up to 1010 cycles. The samples of 700 nm in thickness 
show frequency dependence of fatigue. This phenomenon is not shown in 
all-metal-electrode structures. Domain wall pinning model can be used to explain this 
phenomenon. In domain wall pinning model, it is assumed that the key step for 
fatigue effect is migration of free carriers toward the bound charges of the domain 
walls. This model is consistent with the experimental result that the slower the 
switching, the stronger the fatigue. The fatigue behavior seems to have some relation 
with the phenomenon as observed in the dielectric constant measured before and after 
fatigue. After the fatigue test, the dielectric constant becomes less sensitive to 
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frequency. However, the mechanism of this phenomenon is not very well understood 
yet.  
5.5 Summary 
We tested the ferroelectric fatigue behavior of our epitaxial PZT thin film 
deposited on LSMO/LAO substrate. The driving signal frequency varies from 1 kHz 
to 500 kHz, and the amplitude from 10 V to 18 V. The 1300 nm film showed 
fatigue-free up to 1010 driving cycles, which is very promising for device applications. 
The film of 700 nm in thickness showed a frequency-dependent fatigue behavior, i.e., 
the lower the frequency, the faster the fatigue. Dielectric constant also became less 
frequency sensitive after 1010 switching cycles.  
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CHAPTER 6 
ION BEAM ETCHING OF FERROELECTRIC THIN FILMS 
The patterning of thin film is an essential step in device fabrications. Thin films 
can be patterned using either wet chemical etching or dry etching. Wet chemical 
etching uses chemical solutions to remove material, which is fast and convenient. Dry 
etching technique using plasma emerged in recent years with the demands of more 
delicate devices. Though the etch rate is lower than wet etching, dry etching provides 
smooth edges and high resolution. Another advantage is that dry etching can etch 
many materials which are difficult to remove by wet etching. In this chapter, we 
applied ion beam etching (IBE) technique to PZT and its electrode films. 
6.1 Background 
IBE can be divided into three categories depending on gas compositions: (1) 
nonreactive ion etching (physical sputtering); (2) reactive ion-beam etching (RIBE); 
and (3) chemically assisted ion-beam etching (CAIBE). IBE has been used to etch 
many materials. Photoresist is usually used as the etch mask. Etch rates of these 
materials are different, from a few hundreds to over one thousand angstroms per 
minute [36-41]. Ti or Ti/TiN is also used as the mask layer to etch Pt, which is a 
standard metal electrode for PZT film. SiO2 is another alternative mask material. The 
etch rate of Pt is over one hundred nanometers per minute using argon ion milling. 
When oxygen is mixed with argon gas, the etch rate will decrease, although 
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introducing oxygen will help to reduce electrical damage during etching [40]. 
PZT thin film can be patterned by either wet etching or dry etching (RIE, IBE). 
Many investigations have been performed on reactive ion etching (RIE) of PZT thin 
films. An etch rate of 100-200 nm/min has been obtained [42]. In the literature, thick 
photoresist (10 µm), as well as Pt or TiO2, has been used as etching mask layer for 
PZT. IBE of PZT thin film has been only carried out in recent years. The etch rate 
mentioned in the literature is in the range from 12 to 23 nm/min [36]. The selectivity 
of PZT/photoresist is from 1 to 1.5. The etch rate is determined by many parameters, 
including RF power, gas ingredient, gas flow rate and substrate temperature. 
We built up an IBE system in our lab for thin film fabrication. Figure 6-1 is a 
schematic diagram of our IBE system. In this system, both the ion source and 
substrate are fixed in a vacuum chamber with argon gas flow. Liquid nitrogen or water 
can be used for the back cooling. Vacuum chamber’s base pressure is about 10-7~ 10-6 
mbar. Pressure is increased to about 2×10-4 mbar with argon gas flow for etching 
process. According to the manual of ion beam gun, when the pressure is around 
5-8×10-4 mbar, RF power around 150 watts, plasma is formed. Etching process is 
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Figure 6-1 Schematic illustration of our ion beam etching system. 
Figure 6-2 shows the plasma generated in the ion source discharge chamber by 
RF excitation. This inert ion beam (Ar ions) bombards the sample surface to remove 
the materials.  
F 
igure 6-2 Ar+ plasma generated from the ion beam gun. 
Ion Beam Gun 
Ion Beam Sample holder 
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The etching is physical process, without significant chemical process occurring. 
The advantage is that ion milling can etch many materials that are not easy to be 
etched by chemical process. Moreover, for MEMS applications, the possibility of 
etching a global structure, such as a bottom electrode/ferroelectric film/top electrode 
that includes several materials without having to change the etching gas composition 
is a very interesting aspect of pure argon ion etching. The problem is that the ion 
milling etches both mask materials and underlying materials, which means that the 
selectivity is low. In order to understand the etch behavior for future device 
fabrications, we investigated ion beam etching of PZT and Pt films with photoresist as 
the etching mask. The major etching parameters concerned in the present 
investigation are etch rate and selectivity.  
6.2 Experimental Procedures 
Figure 6-3 shows the cross sectional diagram of the PZT thin films before and 
after etching. PZT films on Pt/Ti/SiO2/Si were prepared by sol-gel method. The 
thickness of the PZT films was around 1.5 µm. Photoresist was spin-coated on the 
PZT films and patterned using a mask aligner machine. The thickness of the patterned 
photoresist was about 1.67 µm. The cross sectional structure of the photoresist after 
patterning is shown in Figure 6-3 (a). The photoresist coating for Pt film patterning 
followed the similar procedure.  
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Figure 6-3 Cross sectional diagram of the PZT thin film:  
(a) before and (b) after etching. 
Ion beam etching of PZT and Pt were then performed with our IBE machine. 
Figure 6-3 (b) shows the cross sectional structure after etching. Sample holder was 
cooled by liquid nitrogen. Before etching, the chamber was pumped to a pressure of 
10-7 mbar. Then we fixed the argon pressure at 9×10-4  mbar during the etching 
process. We changed the RF power in the range of 275 to 400 watt. All etching 
processes were conducted for 30 minutes. The surface morphology and step height of 
the etched PZT and Pt were characterized by atomic force microscopy (AFM). Images 
were obtained in tapping mode. In order to determine the etch rate of photoresist on 
top of the PZT, we obtained AFM images of the etched sample with photoresist first, 
then removed the photoresist with acetone and measured again. Compared with the 
original photoresist thickness, we estimated the etch depth of both photoresist and 
PZT.  
6.3 Results 
6.3.1 Etch rate and selectivity 
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Figure 6-4 AFM section analysis, image of:  
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Figure 6-4 shows the typical AFM section analysis. From the section analysis, 
we can obtain the step height. Figure 6-4 (a) shows the 1.687 µm thick patterned 
photoresist before etching. Figure 6-4 (b) shows the cross section analysis of etched 
PZT films. As photoresist is difficult to remove after etching, some defects in the 
image could be caused. The etch rates of PZT and Pt were the average value of three 
or more measurements. 
AFM analysis shows that the side-wall of the etched patterns was not very sharp. 
This may be caused by two reasons. First contribution is the low selectivity. The etch 
rate of the photoresist is much faster than that of PZT. So if the ion beam is not 
exactly perpendicular to the sample surface, the photoresist at the boundary will be 
preferentially etched. Second one is the redeposition during etching. Redeposition 
influences both etch rate and etch profile. If the sample holder can be rotated, the 
chance of redeposition will be reduced, as the reflection angle is not perpendicular to 
the sample surface, and the etch rate will be increased. In order to obtain a sharp 
side-wall, mask material with high selectivity is needed.  
Figure 6-5 shows the RF power dependences of the etch rate for both PZT and 
photoresist. The acceleration voltage was 600 V and the pressure was 9×10-4  mbar. 
RF power is proportional to the current density, so the result also reflects the 
relationship between the etch rate and the current density. We have obtained PZT etch 
rate of 2.2 to 4.7 nm/min. This etch rate is lower than those reported in the literature 
[36]. The nearly linear relationship between the etch rate and RF power is consistent 
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with those reported in the literature [36].  


























Figure 6-5 The etch rates of PZT and photoresist at different RF powers. 



























Figure 6-6 The etching selectivity between PZT and photoresist at different RF 
powers. 
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For different materials, the etch rates vary with RF power. Thus the selectivity 
changes with RF power. It is important to determine the relationship between 
selectivity and processing parameters, in order to find out an optimal etching 
condition with both high selectivity and high etch rate.  
Figure 6-6 shows the etching selectivity of PZT over photoresist as a function of 
RF power. Because the etch rate of PZT is lower than that of photoresist, so the 
selectivity is quite low. When RF power increases, the selectivity also increases. This 
indicates that the etch rate of PZT increases faster than that of photoresist with 
increasing RF power. If photoresist is used as the mask material for the PZT etching, 
high RF power is preferred to obtain higher selectivity.  
We also investigated the etching behavior of Pt, which is a standard metal bottom 
electrode for PZT films. The etch rate obtained was around 10-20 nm/min. We found 
that only the etch rate of photoresist is comparable with the results reported in the 
literature [36]. The etch rates of PZT and Pt are lower than those reported in the 
literature.  
6.3.2 Surface profile 
After ion beam etching, the surface morphology also changed due to degradation. 
We examined the PZT surface morphology after etching. Figure 6-7 shows the 
roughness analysis of the PZT surface after etching. The particulate size is around 5 
µm after etching. The global roughness is 13.474 nm (image root mean square). 
68 
Chapter 6 Ion Beam Etching of Ferroelectric Thin Films 
However, the roughness of PZT before etching is only about 0.6 nm. It is shown that 
the boundaries between particulates are preferentially etched. The roughness of the 
particulate surface also increased. The degradation of PZT surface after etching has 
been reported in the literature [36].  
 
Figure 6-7 40×40 µm2 AFM image of the surface of the etched PZT film  
(600 V, 350 watts). 
6.4 Discussion 
The etch rates of both Pt and PZT obtained in our experiment were lower than 
those in the literature. This is possibly attributed to the fact that temperature of the 
sample holder in this study is lower than those reported in the literature [36,40,42]. 
Liquid nitrogen cooling was used in our IBE system, while water cooling is usual in 
the literature. According to the literature, etch rate will increase dramatically if 
without cooling [43]. However, the electrical properties of the PZT films were found 
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to be significantly damaged after etching without cooling, which suggests that it is not 
suitable for devices fabrication. The etch rate of photoresist is much higher than that 
of PZT and Pt. Typically in the patterning process, the PZT thin films need to be 
etched through, which requires a photoresist layer much thicker than PZT thin film. 
However, the photoresist made by the conventional spin-coating have a limited 
thickness, so it is suggested to use other mask materials. Ti or TiO2 can be used as an 
alternative mask material.  
6.5 Summary 
Ar ion beam etching of PZT and Pt films with photoresist mask layer was 
conducted. The etch rates were about 4 nm/min and 20 nm/min for PZT and Pt, 
respectively. Photoresist as an etching mask could protect the surface only for a short 
period, because the etch rate of the photoresist was about 40 nm/min, which was 
faster than those of both PZT and Pt. It becomes difficult to remove the photoresist 
after the etching, so this process needs to be further improved. After etching, the 
roughness of the PZT increased. Therefore, only the PZT films protected by mask 
layer could be used for device applications. 
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CHAPTER 7  
CONCLUSIONS 
Ferroelectric PZT thin films were deposited on LSMO/LAO substrates by PLD 
method. The conductive LSMO functioned as bottom electrode. By optimizing the 
PLD parameters, we obtained epitaxial LSMO and PZT thin films. The epitaxial PZT 
thin films provided excellent electrical properties. Main results and conclusions are 
summarized as below. 
(1) XRD θ-2θ scan, ω-scan and φ -scan results showed that epitaxial 
PZT/LSMO/LAO (100) heterostructure can be obtained by optimizing PLD 
deposition parameters. 
(2) Epitaxial PZT thin films exhibited a high remnant polarization (45 µC/cm2) 
and high piezoelectric coefficient d33 (110 pC/N). These properties were significantly 
much better than those of the polycrystalline PZT thin films with random orientation.  
(3) The PZT thin film with a thickness of 1300 nm showed a fatigue-free 
behavior up to 1010 cycles. It is a promising candidate for device applications. For the 
PZT thin film with thickness of 700 nm, frequency-dependent fatigue was observed. 
The film was liable to fatigue at low driving frequency.  
(4) Ion beam etching process of PZT and Pt thin films using Ar was studied. 
Photoresist was used as the etching mask layer. We changed the RF power and 
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measured the etching rate at different conditions. The obtained etching rates for PZT 
and Pt are 4.7 nm/min and 20 nm/min, respectively. As IBE etching rate and the 
etching selectivity of PZT is quite low, the photoresist layer must be thicker. It is 
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